Introduction
Changes in species distribution that are occurring due to alterations in land use, habitat fragmentation, and climate change are exposing humans, domestic animals and wildlife to novel pathogens (Lebarbenchon et al., 2008; Patz et al., 2004) . The mechanisms by which viruses are able to shift between host species to cause novel diseases or are constrained by species barriers to a single species are of major importance in infectious disease research (McFadden, 2005) . Natural models of species jumps and emerging disease are thus of great interest for understanding the barriers to pathogens shifting hosts or the factors that enable pathogens to emerge.
One of the classic examples of an emerging disease is that of the introduction of myxoma virus into the European rabbit (Oryctolagus cuniculus) population of Australia and Europe and its subsequent coevolution with this novel host species (Fenner and Fantini, 1999) . Myxoma virus is a poxvirus in the genus Leporipoxvirus. There are two major geographic types of myxoma virus: the South American (Brazilian) for which the natural host is Sylvilagus
The pathogenesis of South American and North American myxoma viruses was examined in two species of North American lagomorphs, Sylvilagus nuttallii (mountain cottontail) and Sylvilagus audubonii (desert cottontail) both of which have been shown to have the potential to transmit the South American type of myxoma virus. Following infection with the South American strain (Lausanne, Lu), S. nuttallii developed both a local lesion and secondary lesions on the skin. They did not develop the classical myxomatosis seen in European rabbits (Oryctolagus cuniculus). The infection at the inoculation site did not resolve during the 20-day time course of the trial and contained transmissible virus titres at all times. In contrast, S. audubonii infected with Lu had very few signs of disseminated infection and partially controlled virus replication at the inoculation site. The prototype Californian strain of myxoma virus (MSW) was able to replicate at the inoculation site of both species but did not induce clinical signs of a disseminated infection. In S. audubonii, there was a rapid response to MSW characterised by a massive T lymphocyte infiltration of the inoculation site by day 5. MSW did not reach transmissible titres at the inoculation site in either species. This might explain why the Californian myxoma virus has not expanded its host-range in North America.
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brasiliensis, the tapeti or jungle rabbit, and the North American (Californian) for which the natural host is Sylvilagus bachmani, the brush rabbit. In its natural host, each type of myxoma virus causes a discrete cutaneous fibroma at the inoculation site from which virus can be transmitted on the mouthparts of biting arthropods such as mosquitoes or fleas. The virus does not replicate in the vector. Neither virus appears to cause disseminated disease in immunocompetent natural hosts, but the South American type has been recorded as causing disseminated disease in very young S. brasiliensis (Fenner and Ratcliffe, 1965) . Each virus type is highly adapted to its natural host and does not transmit from the other host Regnery and Marshall, 1971) . However, in the European rabbit (O. cuniculus) both types of myxoma virus cause the lethal disseminated disease myxomatosis. A third leporipoxvirus, Shope fibroma virus, is present in Sylvilagus floridanus (eastern cottontail) in North America. Although genetically and antigenically closely related to myxoma virus, this virus does not cause disseminated disease in immunocompetent European rabbits (Cameron et al., 1999; Fenner, 1965; Woodroofe and Fenner, 1965; Willer et al., 1999) but induces a cutaneous fibroma at the inoculation site. Myxoma virus has a double strand DNA genome of 161 kb. Like other poxviruses, the central part of the genome contains genes required for virus replication and assembly that tend to be conserved across the poxvirus family. However, the outer parts of the genome encode genes required for host-specificity and immune modulation that tend to be unique to the leporipoxviruses (Cameron et al., 1999; Willer et al., 1999; Stanford et al., 2007) . These genes are presumed to have closely evolved with the natural host in order to allow the virus to replicate and maintain high titres in the epidermis at the inoculation site for sufficient time to be transmitted by biting arthropods. In the European rabbit, these factors overwhelm the host immune response leading to disseminated lethal disease (Kerr and McFadden, 2002) .
Myxoma virus has a narrow host-range limited to a small group of leporids (Fenner and Ratcliffe, 1965) , two species of North American leporids, Sylvilagus nuttallii (mountain cottontail) and Sylvilagus audubonii (desert cottontail) are susceptible to infection with South American strains of myxoma virus and could potentially transmit the virus (Regnery, 1971) . S. nuttallii exists in the western USA from Dakota to central New Mexico while S. audubonii has a broader distribution through the southwestern USA and Mexico (Fox, 1994) . S. audubonii overlaps with S. bachmani through part of its range and is exposed to myxoma virus whereas S. nuttallii has no known exposure to myxoma virus. Experimentally, neither species was able to transmit a Californian strain of myxoma virus via mosquito feeding (Regnery and Marshall, 1971) .
As part of developing and extending understanding of the species-specificity of myxoma viruses and the diseases they cause, this paper describes the pathogenesis of a South American prototype strain Brazil/Campinas 1949 also known as the Lausanne strain (Lu) and the North American prototype strain San Francisco 1950/1 (MSW) (Fenner and Marshall, 1957) , in both S. nuttallii and S. audubonii. Both of these viruses are of grade 1 virulence for European rabbits, i.e., 100% mortality with an average survival time of 13 days following intradermal inoculation (Fenner and Marshall, 1957) .
Methods

Viruses and tissue culture
The Lausanne (Lu) strain of myxoma virus (Brazil/ Campinas/1949) was derived from an ampoule of freezedried virus produced by the Commonwealth Serum Laboratories, Melbourne, Australia (batch 048-1; 3 July 1973) as a grade 1 virulence virus for biological control of European rabbits. This virus was passaged once in a laboratory rabbit and stocks prepared as a testis homogenate. The MSW strain of myxoma virus (San Francisco 1950/1) was prepared by a single rabbit passage from a freeze-dried tissue extract dated February 1956 obtained from Prof. Frank Fenner, John Curtin School of Medical Research, Canberra, Australia. Grade 1 virulence of the virus for European rabbits was confirmed in laboratory rabbits (Silvers et al., 2006) .
Vero and RK13 cells were maintained in minimal essential medium (MEM) supplemented with 10% foetal calf serum at 37 8C in an atmosphere of 5%CO 2 /95% air.
Breeding and maintenance of S. nuttallii and S. audubonii
S. audubonii breeding stock was trapped at Pinion Canyon, Colorado. S. nuttallii was captured in Cache and Box Elder counties, Utah. Kittens bred from these stock were reared in communal outdoor pens. For experimental use, animals were moved to the Laboratory Animal Research Centre at Utah State University. Here animals were housed under containment level 2 conditions in individual cages with cardboard boxes for shelter. Temperature was held at 22 8C, and a 12 h light/dark cycle was imposed. Standard pelleted rabbit food and water were available ad libitum supplemented with fresh carrots daily. Prior to entering the facility, animals were treated for internal and external parasites. During a 7-day acclimation period, animals were monitored to ensure that water and food dispensers were being used and rectal temperatures were taken daily. All animals were housed and maintained according to the recommendations of IACUC, Utah State University, Logan, Utah, permit #913.
Experimental protocol
For each pathogenesis experiment 12 S. nuttallii and 12 S. audubonii cottontails over 3 months old were used. Prior to infection the animals were weighed, rectal temperatures taken and a 1 ml blood sample was collected from the marginal ear vein. Each rabbit was then injected with either 1000 pfu of Lu or 1000 pfu of MSW in a volume of 100 ml of PBS (pH 7.2) intradermally at a single site of the shaved skin of the dorsal surface of the hind foot. S. audubonii was inoculated in the left hind foot and S. nuttallii in the right hind foot. Gender was not used as a variable in the study design as the animals used reflected what was available from the breeding colony at the appropriate time and age. The genders used for Lu were S. audubonii 10 female, 2 male; S. nuttallii 12 male. For MSW six female and six male rabbits were used for each species. Rabbits were examined and clinical signs and rectal temperatures recorded each day. Animals were weighed and blood samples were collected at 5-day intervals. In each group, three rabbits were euthanized, with an overdose of intravenous pentobarbitone, at 5, 10, 15 and 20 days after infection. The rabbits were autopsied and tissues were collected from the inoculation site on the hind foot, eyelid and the skin of the uninoculated hind foot (distal skin), the popliteal lymph node draining the inoculation site (draining lymph node) and the popliteal lymph node from the opposite hind leg (contralateral lymph node), spleen, left kidney, liver, thymus, testis and left lung. Tissues were divided for histopathological processing (10% formalin) or frozen (À70 8C) for virus extraction and titration as described previously Silvers et al., 2006) .
Virus titration
Virus titres in tissues from rabbits infected with Lu were determined by plaque assay on Vero cell monolayers . MSW forms very poor plaques which are difficult to count reliably therefore titres were determined as tissue culture infectious dose 50% endpoints (TCID 50 ) on RK13 cell monolayers in 96-well flat-bottomed plates as previously described (Silvers et al., 2006) . Limits of detection were 100 pfu/TCID 50 /g.
Antibody measurements
Serum antibody to myxoma virus was measured by ELISA, using Lu as antigen, as previously described (Kerr, 1997) . Gel immunoprecipitation tests confirmed that sera from Sylvilagus species reacted with the anti-rabbit immunoglobulin used for detection in ELISA (data not shown).
Histology
Formalin fixed tissues were trimmed, embedded in paraffin wax, sectioned at 4 mm, stained with haematoxylin and eosin and examined by light microscopy. Immunohistochemistry used an antigen retrieval protocol and immunoperoxidase staining as previously described (Silvers et al., 2006) . Myxoma virus antigen was detected with monoclonal antibody 3B6E4 (Fountain et al., 1997) . Rabbit T lymphocytes were detected with mouse-antirabbit CD43 monoclonal antibody (clone L11/135; Wilkinson et al., 1992; Serotec) .
Results
Clinical signs of infection of S. nuttallii and S. audubonii with Lu
Mean rectal temperatures prior to infection for both species fell within the range of 38.8-39.4 8C. Following infection, rectal temperatures increased from day 4 and mean rectal temperatures stayed above 40 8C for the duration of the experiment for S. audubonii. For S. nuttallii, mean rectal temperatures were below 40 8C between days 10 and 15 but returned to above 40 8C from day 15 (Fig. 1A) . The mean body weights of S. audubonii trended downwards from day 10 while S. nuttallii tended to increase in body weight over the course of the trial (Fig. 1B) .
A primary lesion of thickened and swollen epidermis at the inoculation site was first visible at day 4 in S. nuttallii. By day 8, slight ano-genital swelling was present in two rabbits and one of these rabbits had slightly red eyelid margins. All of the animals had slightly swollen red eyelids by day 10 and secondary cutaneous lesions were present at the base of the ears, on the nose and eyelids and limbs in some animals. Between days 10 and 15 the primary lesions became extremely swollen and red and began to engulf the dorsum of the foot. Secondary lesions increased in size to about 2 cm in diameter. The ears became extremely swollen by day 13 and some rabbits had secondary lesions on the eyelids while ano-genital swelling was prominent in some animals. Primary lesions continued to increase in size and by day 20 were protuberant, glossy, depilated and dark purple. The ears of all animals were swollen, particularly at the base and the ano-genital areas were severely swollen. Although the demeanour of the rabbits had become slightly depressed, all rabbits were eating and drinking normally as judged both by observation and by bladder, stomach and intestinal contents at autopsy. Fig. 2A shows the swollen hind leg and a secondary lesion on the face of a S. nuttallii infected with Lu at day 20. Fig. 2B shows the very swollen hind leg in a separate animal.
The primary lesions developed more rapidly in S. audubonii infected with Lu, compared to S. nuttallii, and by day 4 covered 30-40% of the dorsum of the foot. By day 7, several rabbits had slightly swollen eyelids and two had slight ano-genital swelling. By day 10 the primary lesion covered most of the dorsum of the foot, it was hairless, glossy and beginning to weep. After this time, the lesions became quite raw with bright red gelatinous portions around the outer surface and began to scab. Eyelids returned to normal but two rabbits still had severe ano- Primary lesions were 1.5 cm thick and similar in appearance to day 15. Draining lymph nodes were grossly enlarged; contralateral lymph nodes were moderately enlarged and haemorrhagic. Spleens appeared normal. Secondary lesions had similar properties to the primary lesion.
Primary lesions consisted of a hard black scab overlying red, semi-translucent gelatinous material grading down to firm white tissue in the deeper zones. A small volume of serous material seeped from the cut sections. Secondary lesions had a similar appearance. Draining lymph nodes were similar to day 15. One contralateral node was enlarged. Spleens appeared normal.
genital swelling. From day 16, large black scabs began to form across the primary lesions, this was associated with reluctance to use the leg and depressed demeanour. Fig. 2C and D shows the range of lesions at the inoculation site at day 20 in S. audubonii. Secondary lesions were uncommon; one secondary lesion was recorded on the left hind leg of one rabbit and a secondary lesion was also found in the genital region of another. At no time did any of the animals of either species infected with Lu have the classical muco-purulent discharge from the conjunctivae and nasal passages, massive swelling and closure of the eyelids and obstruction of the nostrils that is typical for European rabbits infected with Lu or other virulent South American strains of myxoma virus.
Autopsy findings in S. nuttallii and S. audubonii infected with Lu
For both S. nuttallii and S. audubonii, pathology was limited to the external primary and secondary lesions on the skin, swelling of the ears and ano-genital regions and the draining lymph nodes (Table 1 ). There were no abnormalities observed in other tissues at autopsy.
Titres of Lu in tissues of S. nuttallii and S. audubonii infected with Lu
Titres of Lu in the skin at the inoculation site of S. nuttallii were above 10 7 pfu/g at day 5 and remained around this titre for the duration of infection (Fig. 3A) . Similar or slightly lower titres were present in the primary lesions of S. audubonii at days 5 and 10 but by day 15 the titres in this species had dropped below 10 7 pfu/g (Fig. 3A) .
In European rabbits this titre is the threshold for mosquito transmission (Fenner et al., 1956) . At day 5, there were titres of 10 6 to 10 7 pfu/g in the lymph node draining the primary lesions of S. nuttallii, however, virus was not present at subsequent timepoints. The titres of virus in the draining lymph nodes of S. audubonii were 10-1000-fold lower at day 5 than those of S. nuttallii; small amounts of virus were present at day 15 in one animal and day 20 in all three animals (Fig. 3B ).
Low concentrations of Lu were detected in the contralateral popliteal lymph nodes of S. nuttallii at all time-points and Lu was also detectable in the lung (Fig. 4) . Low levels of virus (100-1000 pfu/g) were present in the thymus of some animals at days 10 and 20 and a trace of virus (100 pfu/g) was detected in the spleen of one animal at day 10. No virus was detected in the testis at any time. Lu was not detected in the contralateral lymph nodes, spleen, lungs, liver, testes, or kidneys of S. audubonii. However, 10 of the 12 S. audubonii were female so testes were only available from one rabbit at day 10 and one at day 20.
Skin from the uninoculated hind foot (distal skin) was excised at autopsy and assayed for virus and similarly any secondary lesions were excised and assayed. Low titres of Lu (10 2.7 to 10 4 pfu/g) were present in the distal skin of S.
nuttallii at days 15 and 20. Two of three secondary lesions excised at day 20 contained more than 10 7 pfu/g of virus.
However, Lu was not detected in eyelids of S. nuttallii at any time point despite the clinical involvement of these tissues. No Lu was detected in the distal skin of S. audubonii. However, virus titres of 1000-3000 pfu/g were present in eyelids at day 10 only. A secondary lesion excised from the genital region at day 20 contained 10 6.8 pfu/g. 
Antibody response to Lu infection in S. nuttallii and S. audubonii
Antibodies to myxoma virus were detected by ELISA at low titres (100-200) at day 10 and increased to 1600-25,600 by day 15. At day 20, antibody titres ranged from 6400 to 102,400 in S. audubonii and were 51,200 in S. nuttallii. At other time-points, the titres were similar in both species.
Clinical signs of infection of S. nuttallii and S. audubonii with MSW
In S. nuttallii, slight redness was present at the inoculation site of MSW at day 2 and by day 5 the skin at the inoculation site was slightly thickened. By day 9 the primary cutaneous lesion was approximately 1.5 cm Â 2 cm and 0.3 cm in height. Over the next 3 days the lesions changed colour from red to purple, became more rounded and began to harden; by day 15 scabs were forming over the lesion and by day 20 the primary lesions were either rubbery or had dried to a thick black scab. During this time period, mean rectal temperatures trended upwards compared to the preinfection period but remained below 40 8C (Fig. 5A) . There was also a slight downward trend in weight of the infected rabbits (Fig. 5B) .
S. audubonii infected with MSW also had redness at the inoculation site at day 2 and by day 3 the majority of rabbits also had slightly reddened eyelids. These signs were associated with a strong febrile response with mean rectal temperature increasing to 41.1 8C on day 3 (Fig. 5A) . Rectal temperatures returned to the normal range over the next 3 days while the primary cutaneous lesion increased in size, becoming dark red and raised. By day 7, some scab formation was occurring. Lesions reached their largest size by day 9 when they were approximately 2 cm Â 3 cm wide and up to 1 cm in height. Lesions continued to resolve, developing thick scabs, over the remainder of the 20-day period. Similar to S. nuttallii infected with MSW, there was a trend to some weight loss over the last 5 days of the infection (Fig. 5B) . No other clinical signs were observed. Secondary lesions or signs of classical myxomatosis were not a feature of infection with MSW in either species.
Pathological findings at autopsy of S. nuttallii and S. audubonii infected with MSW
The gross pathology of S. nuttallii and S. audubonii following infection with MSW was limited to the site of inoculation and enlarged lymph nodes and spleen. Autopsy findings are summarised in Table 2 .
Titres of MSW in tissues from S. nuttallii and S. audubonii
MSW titres in S. nuttallii at the primary inoculation site remained between 10 3 and 10 6 TCID 50 /g (Fig. 6A ). Similar titres were present at the primary inoculation site of S. audubonii (Fig. 6A ). Low titres of MSW were detected in the draining lymph nodes of S. nuttallii at days 10 and 15 and at all time-points in S. audubonii (Fig. 6B) ; these titres were at the threshold of detection. MSW was not found in contralateral nodes at any time point in either species. MSW was present in distal skin sites from S. nuttallii at all time-points at low titres (10 2 to 10 4 TCID 50 /g; Fig. 6C ) and similar titres were found in the eyelids at 5 and 15 days. Similarly, MSW was found at low titres in the distal skin and eyelids of S. audubonii. MSW was not detected in lung, thymus, spleen, testis, kidney or liver of either S. nuttallii or S. audubonii at any time-points.
Antibody response to infection with MSW in S. nuttallii and S. audubonii
Antibodies were not detected in serum from either species until day 15 and then at titres of 100-200. At day 20 titres for the three S. audubonii were 400, 400 and 800 and for S. nuttallii, 200, 6400 and <50. The low antibody titres may partially reflect antigenic differences between MSW and the Lu antigen used in the ELISA.
Virus localization and histopathology of Lu infection
Histopathological features in the skin at the inoculation site of Lu were similar in the Sylvilagus species to those reported in O. cuniculus infected with virulent myxoma virus Hurst, 1937a; Rivers, 1930) . The key features were the proliferation of epidermal cells with subsequent degeneration and necrosis of these cells, loss of collagen structure, deposition of fibrin, infiltration of neutrophils and macrophages and proliferation of fibroblasts in the dermis. A particular feature was the presence in the dermis of the large stellate ''myxoma cells'' described by these authors and the disruption of the walls of the small blood vessels by similar cells which appeared to be migrating or budding from the blood vessel walls. The major histopathological features of the skin at the inoculation site were similar for both S. nuttallii and S. audubonii infected with Lu, however there tended to be a stronger inflammatory response in the S. audubonii with many more polymorphs in the dermis and by day 20 the lesions were heavily scabbed compared to S. nuttallii. Lu antigen was present in the proliferating epidermal cells, particularly of the hair follicles and in elongated dermal cells of S. nuttallii and S. audubonii at day 5 (Fig. 7A-C) . This pattern of virus localization to the epidermis with some infected cells in the dermis continued throughout the 20 days of the experiment (Fig. 7D) . By day 20 the S. audubonii lesion was covered by a thick scab but the underlying cells were still packed with virus antigen (Fig. 7E) .
T lymphocytes detected by CD43 staining were not a feature of the inflammatory response in the skin at days 5 and 10 for either species. T cells were largely restricted to the blood vessels with occasional cells in the lower dermis. S. audubonii had patches of T cells in the primary inoculation site at day 15 whereas these cells were not detected in S. nuttallii rabbits until day 20 (data not shown).
The histology of the lymphoid tissue draining or distal to the inoculation site was quite different to that seen in O. cuniculus infected with virulent strains of myxoma virus, where the key features are a reduction in lymphocyte numbers, often complete loss of lymphocytes, from the lymph nodes or spleen white pulp, degeneration of the follicles and a proliferation in size and number of reticulum cells. This is accompanied by focal or diffuse neutrophil infiltration into the nodes and vascular changes similar to those described in the skin Hurst, 1937a) .
In contrast to this, the lymph nodes draining the inoculation site of both S. nuttallii and S. audubonii infected with Lu showed a similar range of histopathology predominantly associated with enlargement and activation of the node. There was no dramatic loss of lymphocytes although there was often considerable neutrophil infiltration and patches of necrosis and inflammation.
In S. nuttallii, Lu was detected in a few macrophages in the lymph node draining the inoculation site by immunoperoxidase staining at day 5 (Fig. 7F) . Similar localisation in a few cells was present in the lymph node draining the inoculation site of S. audubonii infected with Lu (data not shown).
The contralateral popliteal lymph nodes were not as intensely affected as the popliteal lymph nodes draining the inoculation sites, however, the histological changes were generally similar but with far less swelling and fewer inflammatory cells. Cells infected with virus were rarely detected in the contralateral lymph nodes. Similarly there was little or no pathology in the spleens of infected animals of either species although by day 15 and 20 the white pulp areas of the spleens had considerably expanded in S. nuttallii and there were prominent secondary follicles present. Virus-infected cells were not detected.
Virus localization and histopathology of MSW infection
Californian strains of myxoma virus cause similar histopathology to South American strains in O. cuniculus (Kessel et al., 1934; Patton and Holmes, 1977; Silvers et al., 2006) . MSW induced somewhat similar features to Lu at the inoculation site in S. nuttallii although there was a much stronger inflammatory response and in particular a macrophage response deep in the dermis. However, in S. audubonii there was a very intense mononuclear cell inflammatory response that dominated the histology and although some of the features of epidermal cell proliferation and myxoma cells could be discerned the overall response was of acute inflammation and in particular mononuclear cell infiltration. Skin at inoculation site was thickened with a gelatinous layer beneath the epidermis which exuded serum. Draining lymph nodes were approximately 10 times normal size and very haemorrhagic. Contralateral nodes were slightly enlarged with small amounts of haemorrhage on the cut surface. Spleens were swollen and about 25% larger than normal. 10 Primary lesions were swollen and bloody beneath the skin. The lesion consisted of a clear gelatinous mass which exuded serum on excision. Lymph nodes were enlarged as at day 5 but contralateral nodes did not show any signs of haemorrhage. Spleens were normal.
At day 10 the gelatinous layer in the primary lesion had been replaced by a white fibroma like mass. Draining lymph nodes and spleens were still enlarged but appeared normal on sectioning. 15
Lesions were about 0.5 cm thick, dark red and gelatinous. Draining lymph nodes were around eight times normal size and pale red in colour. Contralateral nodes were normal size but two of three were dark purple with haemorrhage. Spleens were normal.
Primary lesions were up to 1 cm thick, rubbery and not gelatinous. Draining lymph nodes were up to eight times normal size but not haemorrhagic. Spleens were slightly enlarged. 20
Primary lesions were rubbery with the gelatinous material replaced by a white fibromatous mass. Draining lymph nodes were still enlarged and purple with haemorrhage. Contralateral nodes and spleens were normal.
Thick black scabs on lesions, tissue forming the bulk of the lesion was solid and pale brown. Draining lymph nodes were enlarged, up to three times normal, and spleens were slightly enlarged.
At day 5 in S. nuttallii, MSW was localised to elongate cells in the dermis with only limited patches of infected cells in the epidermis (Fig. 7G) . By day 10 patches of infected epidermal cells were more common but there were still many infected elongate cells in the dermis (Fig. 7H) . This pattern continued through to day 20. S. audubonii infected with MSW had few infected cells in the skin of the inoculation site at day 5 (Fig. 7I ) and even at day 10 only a few cells of hair follicles were positive along with the occasional elongate or macrophage-like cell in the dermis and, by day 20, occasional epidermal cells underlying the scab (Fig. 7J) .
Staining for CD43 showed only the occasional T lymphocyte within blood vessels at day 5 in S. nuttallii (Fig. 7K) . In contrast, at day 5 after infection with MSW, S. audubonii had an inflammatory response in the upper dermis with nuclear debris and mononuclear cells at the epidermal junction and polymorphs lower in the dermis. Staining of sections for CD43 showed a massive influx of T lymphocytes (Fig. 7L) . The intense influx of T cells was also present in S. nuttallii at 10 days after inoculation and this continued to be a feature at 15 and 20 days (data not shown).
The draining lymph nodes of S. nuttallii infected with MSW had considerable extravasation of red blood cells in the paracortex together with macrophages containing brown pigment at day 5. There were occasional patches of neutrophils. S. audubonii nodes had a range of histology at this time with one node showing patches of cells with an apoptotic appearance while others appeared similar to the S. nuttallii nodes. In both cases, the nodes largely returned to normal without showing significant pathology. MSW infected cells were not detected in draining lymph nodes of S. nuttallii or in contralateral lymph nodes. Occasional infected cells were detected in S. audubonii at day 5 at the periphery of the draining lymph node (data not shown).
Contralateral lymph nodes appeared normal in both species following MSW infection. In the spleens of both species, lymphocytes were congregated in the periarteriolar sheath regions at day 5 with scattered polymorphs in the red pulp. Follicle formation appeared to be more prevalent in S. audubonii than S. nuttallii. However, in both species, the appearance was of a normal response not a destructive pathology.
Discussion
The pathogenesis of either type of myxoma virus or rabbit fibroma virus has not been studied in detail in their natural hosts. Almost all studies have been done in European rabbits and all of the molecular studies of gene function reflect the pathogenesis in European rabbits. It appears that in their native hosts the viruses replicate in epidermal and dermal cells at the site of inoculation. Each virus encodes multiple proteins that locally suppress inflammation and innate and adaptive immune responses effectively ensuring that virus is able to persist long enough to be transmitted (Stanford et al., 2007) . Cellular proliferation is induced by the secreted epidermal growth factor homologue leading to a virus-rich fibroma. In immunocompetent animals, immune responses eventually clear the virus, although, in the case of rabbit fibroma virus, lesions can persist for many months (Fenner and Ratcliffe, 1965; Yuill and Hanson, 1964) . Secondary lesions are uncommon. Whether this is because the virus does not disseminate or is unable to establish and replicate to high titres at distal sites is not clear. However, more generalized disease has been reported in very young or newborns (Yuill and Hanson, 1964; Aragao, 1943; Fenner and Ratcliffe, 1965) . This benign outcome of infection in immunocompetent hosts is seen as the result of prolonged host-virus coevolution (Fenner and Ratcliffe, 1965) . In European rabbits, myxoma virus disseminates from the primary site and replicates to high titres in distal tissues. There are two features that are important in the development of generalized lethal disease. Firstly, the replication of myxoma virus in T lymphocytes and macrophages and secondly the immune suppression of T lymphocyte responses (Strayer, 1992; Jeklova et al., 2008) and widespread destruction of lymphoid tissue (Hurst, 1937a; . At least five myxoma virus genes are essential for replication in T lymphocytes and macrophages (M002, M004, M005, M011, M013) (Stanford et al., 2007) . In contrast, rabbit fibroma virus is unable to replicate in T cells from European rabbits and does not cause generalized disease in immunocompetent European rabbits (Fenner and Ratcliffe, 1965; Macen et al., 1996; Strayer et al., 1985) . However, rabbit fibroma virus does reach distal tissues in European rabbits, at least following intratesticular injection (Hurst, 1937b; Fenner and Ratcliffe, 1965) and myxoma virus with the M011L gene deleted still caused large secondary cutaneous lesions indicating that it was able to disseminate (Opgenorth et al., 1992) . So while replication in lymphocytes and macrophages is essential for a generalized disseminated infection, it seems that virus can still reach distal tissues. This suggests that the destruction of lymphoid tissue and associated immunosuppression is critical for virus replication to high titres at distal sites and development of generalized myxomatosis. No data are available on whether myxoma viruses can replicate in T lymphocytes in their native hosts but the localized pathogenesis would suggest that this is unlikely and that the genes that are essential for replication in T cells in European rabbits have been coopted from their function in virus infection of the native hosts.
Both Lu and MSW were able to replicate in S. nuttallii and S. audubonii but the outcome of infection differed between both virus type and lagomorph species. Neither virus caused the classical picture of myxomatosis seen in European rabbits. Lu induced a sustained infection at the inoculation site in both species together with some generalized clinical signs such as slightly swollen eyelids, red eyelid margins and swelling of the ano-genital region. These were more pronounced in S. nuttallii (it is possible that this represents a systemic response to infection rather than necessarily indicating virus replication). Marlier et al. (2000) demonstrated that European rabbits allowed to recover from myxomatosis and then stressed by administration of ACTH developed swollen eyelids, blepharoconjunctivitis and, in one case, genital swelling without virus being detected in these tissues although virus was detected in the testes. S. audubonii had a more rapid onset of clinical signs but were better able to mount an inflammatory response that led to scabbing of the primary lesion by day 20 despite quite high titres of virus still being present. Secondary lesion development at distal skin sites was uncommon in S. audubonii. These differences may reflect a generally more robust antiviral response in S. audubonii compared to S. nuttallii, which was also observed in the infections with MSW (see below), or may be due to more subtle differences in interactions of virus immunosuppressive and host-range proteins with host targets.
Although there were relatively high titres of Lu in the draining lymph nodes of S. nuttallii at day 5, replicating virus was only detected in a few cells and not in the lymphocytes. At subsequent time-points Lu was not detectable in S. nuttallii draining lymph nodes. Lu was present at low titres in S. audubonii draining lymph nodes over most of the course of the infection. MSW was only present at low titres in the draining lymph nodes. Based on the immunohistology and the low titres of virus in lymphoid tissue, it appears that the viruses either did not replicate in lymphocytes or replicated below the levels of detection. Neither virus caused destruction of lymphoid tissue. Infected lymphocytes were readily detected by immunohistology in European rabbits infected with MSW and this was associated with destruction of lymphoid tissue (Silvers et al., 2006) . Infectivity studies in primary lymphocytes would be required to definitively determine lymphotropism.
Virus could reach the draining node directly from the primary lesion. However, both viruses were detected at low titres in a number of distal tissues indicating that further dissemination from the primary lesion occurred despite the apparent lack of replication in lymphocytes. In distal tissues, there was limited spread from cell to cell and neither virus reached high titres (see for example Fig. 7F ) except for the limited numbers of secondary skin lesions due to Lu. There are two possible explanations for this limited replication at distal sites despite the ongoing primary lesion acting as a source of virus. Firstly, virus replication at secondary sites may be limited by cell tropism for example in lymphocytes. However, this is not a sufficient explanation for lack of replication in secondary skin sites or eyelids since the virus can replicate in epidermis and some secondary lesions do occur particularly in S. nuttallii infected with Lu. A more general explanation is the high numbers of virus-infected cells in the primary lesion may be sufficient to suppress immune and inflammatory factors locally while a generalized upregulation of innate immune responses may be able to suppress virus replication at more distal sites. Antibody is unlikely to play a major role as titres were still low at day 10, however, it is likely that virus-specific T cells were important in controlling virus replication at distal sites. In support of this idea, European rabbits inoculated with rabbit fibroma virus became partially protected from challenge with myxoma virus within 3-4 days (Hurst, 1937b) . This supports the hypothesis that dissemination of myxoma virus is not sufficient to cause generalized myxomatosis in the absence of T cell suppression and lymphoid tissue destruction.
Based on the viral titres of Lu at the inoculation site, both species would have been able to transmit the virus via mosquitoes, as has been previously demonstrated by feeding mosquitoes on lesions (Regnery, 1971) . S. nuttallii had transmissible titres of virus in primary and secondary lesions as late as day 20 while in S. audubonii titres were generally below the transmission threshold at days 15 and 20.
In contrast to infection with Lu, MSW did not replicate to high titres in either species and did not reach the threshold titres in the skin needed for efficient transmission by mosquitoes. This confirms previous transmission studies (Regnery and Marshall, 1971) . While both species constrained MSW replication at the inoculation site, the inflammatory response was particularly dramatic in S. audubonii where infection with MSW induced a high fever with massive T lymphocyte influx into the site of infection by day 5. This provided a potential explanation for why MSW appears limited to S. bachmani in nature even though S. audubonii overlaps with S. bachmani through much of its natural range and could be regularly exposed to myxoma virus by mosquitoes. However, despite this inflammatory response, MSW was able to persist and could be detected in all rabbits at the inoculation site throughout the experiment.
Preliminary sequence studies of the MSW genome have indicated a strong conservation of genes and nucleotide and amino acid sequences between Lu and MSW (Labudovic et al., 2004) . The fact that Lu is able to replicate to high titres in both S. nuttallii and S. audubonii but that MSW is rapidly controlled, particularly in S. audubonii indicates that there must be differences in virulence or host-range genes between Lu and MSW that are important in S. audubonii and S. nuttallii but not in European rabbits.
The close genetic relationship between the three lagomorph-specific leporipoxviruses indicates that these have evolved from a common ancestral virus that has then diverged in the three species of lagomorph. These pathogenesis studies provide some clues to how this might have occurred. South American strains of myxoma virus have the potential to become established in both S. nuttallii and S. audubonii populations. This could occur without any previous adaptation of the virus as occurred with the introduction of myxoma virus into European rabbit populations in Australia. Subsequent adaption and speciation could occur in the new host. MSW, on the other hand, can infect other lagomorph species but does not replicate to transmissible titres in the skin. Thus some form of adaptive mutation would be required for MSW to jump species and successfully transmit.
Research has been conducted to develop recombinant myxoma viruses as vectors to deliver immunocontraceptive antigens to European rabbits in Australia (TyndaleBiscoe, 1994) . While technological, epidemiological and social hurdles make it unlikely that such a strategy will be successful in the short to medium term (van Leeuwen and Kerr, 2007; Angulo and Cooke, 2002) , it is possible that Californian strains of myxoma virus would offer greater species-specificity than South American strains of myxoma virus for engineering as recombinant myxoma virus vectors.
